The extracellular matrix protein osteopontin (OPN) is a component of histotroph that increases in uterine flushings from pregnant ewes during the peri-implantation period and is localized on the apical surfaces of the uterine luminal epithelium (LE) and conceptus trophectoderm (Tr). The potential involvement of OPN in the implantation adhesion cascade in sheep was investigated by examining temporal, spatial, and potential functional relationships between OPN, Muc-1, and integrin subunits during the estrous cycle and early pregnancy. Immunoreactive Muc-1 was highly expressed at the apical surfaces of uterine luminal (LE) and glandular epithelium (GE) in both cycling and pregnant ewes but was decreased dramatically on LE by Day 9 and was nearly undetectable by Day 17 of pregnancy when intimate contact between LE and Tr begins. 
INTRODUCTION
Implantation in mammals is a highly coordinated process that begins with apposition, attachment, and adhesion of uterine lumenal epithelium (LE) and conceptus trophectoderm (Tr). Remodeling of the glycoprotein adhesion molecules of the apical surfaces of these cells precedes implantation [1] . In ruminants implantation is also influenced by secretions from both the embryo that signals its presence through interferon (IFN) [2] and the endometrial glands that produce histotroph to nourish the conceptus [3] . In contrast to primates and rodents with invasive implantation, sheep have superficial/central implantation in which a prolonged preattachment period (ϳ15 days) is followed by incremental apposition and attachment until zones of Tr invade and fuse with uterine LE (ϳ40 days) [4] .
The LE is a simple, polarized cell layer that mediates cell-cell and cell-extracellular matrix (ECM) interactions. The apical LE domain is normally nonadhesive; however, this character is lost during development of receptivity [5, 6] when apical adhesion between LE and Tr defines the onset of implantation. The nonadhesive properties of LE are partially due to apical expression of mucins with extensive glycosylation and extended structure that sterically inhibits cell-cell and cell-ECM adhesion [7, 8] . These properties of the mucin Muc-1 presumably impair interactions between adhesive glycoproteins at the surfaces of LE and Tr [9] . The relationship between the mode of implantation and the spatial and temporal expression of Muc-1 is not obvious. In rodents and pigs, Muc-1 expression on uterine LE decreases just prior to implantation [10, 11] , whereas it increases during the receptive phase in rabbits and humans but may be reduced locally at sites of conceptus apposition [12, 13] . Muc-1 expression in sheep uterus has not been reported.
Integrins are dominant glycoproteins in adhesion cascades. They comprise a ubiquitous family of cation-dependent, heterodimeric intrinsic transmembrane glycoprotein receptors that mediate cellular differentiation, motility, and adhesion [14] [15] [16] . The central role of integrins in the implantation adhesion cascade stems from their ability to bind ECM ligand(s) to mediate adhesion, cause cytoskeletal reorganization to stabilize adhesion, and transduce cellular signals through numerous signaling intermediates [17] [18] [19] . Lessey and coworkers have established that transient endometrial expression of ␣ v ␤ 3 and ␣ 4 ␤ 1 integrins is cycledependent and defines the implantation window in women [20, 21] . Altered expression of these integrins is correlated with several causes of infertility [22, 23] . Null mutations of ␣ v , ␣ 5 , ␤ 1 , or ␤ 5 integrin genes in mice lead to periimplantation lethality, and failure of chorion-allantois fusion [24] , while functional blockade of ␣ v and ␤ 3 integrins reduces the number of implantation sites [25] . Endometrial integrin expression of several species that exhibit noninvasive implantation has also been reported including pig, sheep, goat, and cow [11, [26] [27] [28] . In the pig, integrin subunits expressed by uterine LE and conceptus Tr potentially form ␣ v ␤ 3 , ␣ 4 ␤ 1 , ␣ v ␤ 1 , and ␣ 5 ␤ 1 heterodimers at implantation sites [11] . The ␣ v ␤ 3 , ␣ 4 ␤ 1 , and ␣ v ␤ 1 heterodimers present during the implantation window in humans and pigs bind the ArgGly-Asp (RGD) amino acid sequence found in osteopontin (OPN), an ECM ligand that binds integrins to promote cellcell attachment and spreading [29] [30] [31] . Osteopontin is expressed at high levels by epithelium and decidualizing stroma of human uterus [32] [33] [34] and cytotrophoblast of the chorionic villus [35, 36] . It is also expressed in invading cytotrophoblast, glandular epithelium (GE), and decidualizing stromal cells in the baboon [37] . Osteopontin is produced by mouse trophoblast and metrial gland cells of decidua and placenta [38] , while mRNA and protein are present in LE and GE of pregnant pigs during the peri-implantation period [39] . In sheep, OPN is a component of histotroph that increases in uterine flushings from pregnant ewes between Days 11 and 17 [26] . Although exposure to progesterone induces OPN mRNA expression only in the endometrial GE of pregnant ewes [40, 41] , OPN protein is localized on the apical aspect of the endometrial LE, GE, and conceptus Tr [26, 40] . Therefore, it is hypothesized that OPN binds integrin heterodimers expressed by Tr and LE to 1) stimulate changes in morphology of conceptus extraembryonic membranes; and 2) induce adhesion between LE and Tr essential for implantation and placentation [26, 41] . Objectives of this study were to 1) examine relationships between Muc-1, selected integrins, and OPN in the implantation cascade in sheep; and, 2) perform functional analysis of potential OPN interactions with conceptus and endometrial integrins.
MATERIALS AND METHODS

Animals
Mature western-range ewes of primarily Rambouillet breeding were observed daily for estrous behavior in the presence of vasectomized rams. After experiencing at least two estrous cycles of normal duration (16-18 days), ewes were assigned randomly on Day 0 (estrus/mating) to cyclic or pregnant status. Ewes assigned to pregnant status were mated to intact rams three times at 12-h intervals beginning at estrus. Fifty-two ewes were hysterectomized (n ϭ 4 ewes/day) on Day 1, 3, 5, 7, 9, 11, 13, or 15 of the estrous cycle or Day 11, 13, 15, 17, or 19 of gestation. At hysterectomy uteri were flushed with 0.9% NaCl, and pregnancy was verified by recovery of an apparently normal conceptus in uterine flushes. Several sections (1-1.5 cm) of uterine wall from the middle of each uterine horn were snap frozen in Tissue-Tek OCT compound (Miles, Oneonta, NY). The remaining endometrium was dissected from myometrium, frozen in liquid nitrogen, and stored at Ϫ80ЊC. All experimental and surgical procedures involving animals were approved by the Agricultural Animal Care and Use Committee of Texas A&M University (Animal Use Protocol AG-239AG).
Immunocytochemical Analyses
Antibodies used for immunocytochemistry included rabbit anti-Muc- Proteins were localized in frozen uterine tissue sections (8-10 m) and in cell lines grown on LabTek four-well chamber slides (Nunc, Naperville, IL) by immunofluorescence staining as previously described [26, 42] . Frozen sections or monolayer cell cultures were fixed in Ϫ20ЊC methanol, permeabilized with 0.3% Tween 20 in 0.02 M PBS, blocked in 5% normal goat serum, and incubated overnight at 4ЊC with 2 g/ml primary antibody. Immunoreactive protein was then detected using a fluorescein-conjugated secondary antibody for 1 h at room temperature. Slides were overlaid with a coverglass and Prolong antifade mounting reagent (Molecular Probes, Eugene, OR). For each antibody, representative fluorescence images of cross sections for each day were recorded using a Zeiss Axioplan microscope (Carl Zeiss, Thornwood, NY) equipped with a Hamamatsu chilled 3CCD color camera (Hamamatsu, Japan) using Photoshop 5.0 (Adobe Systems, Seattle, WA) image capture software.
Reverse Transcription-Polymerase Chain Reaction
The presence of mRNAs for IFN and the integrin receptors ␣ v , ␣ 4 , ␣ 5 , ␤ 1 , ␤ 3 , and ␤ 5 in cell lines (Tr and LE) and endometrium (Day 15 of the estrous cycle and pregnancy) was examined by reverse transcriptionpolymerase chain reaction (RT-PCR). Total cellular RNA was extracted using Trizol reagent (Gibco BRL, Grand Island, NY). Total RNA (5 g) was reverse transcribed to obtain cDNAs using Superscript II reverse transcriptase (Gibco BRL), acid-ethanol precipitated, resuspended in 20 l water, and stored at Ϫ20ЊC. The cDNA templates were then diluted (1:10) with sterile water and amplified by PCR using AmpliTaq DNA polymerase (Perkin Elmer, Foster City, CA) and the specific primers listed in Table 1 . The PCR products were separated on 2% agarose gels, visualized by ethidium bromide staining, and analyzed using an Alpha Innotech (San Leandro, CA) imaging system. The identity of each amplified PCR product was verified by sequence analysis after cloning into the pCRII vector (In Vitrogen, San Diego, CA).
Functional Analysis of OPN-Induced Integrin Activation
A ligand-coated bead assay, described by Miyamoto et al. [43] and utilized to identify the transmembrane aggregation of cytoskeletal and sig-FIG. 1. Muc-1 immunofluorescence in the endometrium of cycling and pregnant ewes. Days 1, 3, 5, 7, 9, 11, 13, and 15 of the estrous cycle (C), and Days 11, 13, 15, and 17 of early pregnancy (P) are shown. Muc-1 was expressed at the apical aspect of all uterine epithelia but decreased on LE after Day 7 of the estrous cycle or early pregnancy. Refer to Figure  3 for an example of representative background staining for the rabbit IgG (IgG) control. ϫ80.
naling molecules induced by integrin activation, was employed to detect functional activation of integrins by OPN in immortalized LE and primary cultures of Tr from ewes. The differentiated properties of the immortalized ovine LE cells that include estrogen and progesterone receptors, STAT proteins, and several IFN-inducible genes expressed by ovine LE in vivo have been described [42] . Ovine LE cells were maintained in Dulbecco modified Eagle medium with F-12 salts (DMEM-F12; Sigma) supplemented with 10% fetal bovine serum and antibiotics. Primary ovine Tr cells were isolated using mechanical dispersion from conceptuses harvested on Day 15 of gestation [44] [45] [46] and were maintained in DMEM-F12 supplemented with 5% fetal bovine serum, antibiotics and 0.1 U/ml bovine insulin (Sigma). Both cell types were seeded onto two-well LabTek coverglass chambered slides (Nunc) and cultured for 48 h prior to addition of ligand-coated beads.
Polystyrene beads (6.0 m; Polysciences Inc., Warrington, PA) were washed in sterile high phosphate PBS (hPBS; 0.1 M NaCl, 2.7 mM KCl, 5 mM Na 2 PO 4 , 0.85 mM KH 2 PO 4 , 50 mM NaH 2 PO 4 ), pH 7.4, and centrifuged at 7000 ϫ g for 5 min five times. Beads were coated with poly-L-lysine, wild-type OPN or with mutated OPN in which the RGD sequence was replaced with RGE or RAD (100 g/ml in hPBS; [47] ) and incubated at room temperature with constant agitation for 24 h. The beads were washed five times in hPBS as described above and then incubated overnight with sterile BSA (1 mg/ml in hPBS) at room temperature with constant agitation and then stored at 4ЊC until used [48] .
Cells were washed once in DMEM-F12 ϩ 1 mg/ml BSA (810013, crystalline bovine albumin; ICN Pharmaceuticals) prior to initiation of the assay. Beads were diluted in DMEM-F12 ϩ 1 mg/ml BSA, to a final concentration of 2 ϫ 10 6 beads/2-ml/chamber, and incubated with cells at 37ЊC for 1 h in a humidified, 5% CO 2 /air incubator. Cells were then fixed with 4% paraformaldehyde in PBS (10.14 mM Na 2 PO 4 , 1.76 mM KH 2 PO 4 , 136.9 mM NaCl, 2.68 mM KCl) for 10 min at room temperature, rinsed twice with PBS, and once with PBS containing 2% BSA. Cells were incubated at room temperature for 30 min in 10% normal serum followed by overnight incubation at 4ЊC with anti-talin or anti-␣-actinin primary antibody. Following removal of primary antibody, cells were rinsed once in PBS/BSA and three times in PBS for 5 min each. Secondary antibody conjugated to fluorescein isothiocyanate was diluted 1:200 and incubated with cells at room temperature for 1 h in the dark. Cells were rinsed twice with PBS and twice with Hepes buffer (10 mM Hepes, 150 mM NaCl, 0.08% NaN 3 ). After removing the last rinse, 400 l mounting medium (0.2 M PBS, 2 mg/ml p-phenylenediamine, 90% glycerol) was added, and slides were stored at 4ЊC in the dark prior to viewing.
Fluorescence imaging of ligand-coated beads was performed with a digital fluorescence imaging system consisting of a charge-coupled device camera and image-capturing software (CELLscan; Scanalytics Inc., Bedford, MA) integrated with a Zeiss Axiovert inverted fluorescence microscope. Sequential optical slices from the basal-to-apical surface of the cells were collected with a high numerical aperture objective lens. Image collection was initiated approximately 1 m below the basal surface of the cell, and optical slices were collected at 0.5-m steps up through the apical cell surface and attached beads.
The percentage of ligand-coated beads with apical surface-induced focal adhesions was determined by combined phase-contrast/fluorescence imaging. Phase-contrast imaging was used to locate cells and count adherent beads. Fluorescence microscopy was then used to identify transmembrane accumulation of immunoreactive talin below the ligand-coated beads. For each treatment group, the percentage of ligand-coated beads in contact with cells that exhibited apical focal adhesions was obtained by multiplying the ratio of focal adhesion-positive beads to the total number of beads in contact with the cell by 100. Three to five separate experiments on different days were performed for each of the ligands tested. Data collected from each experiment were subjected to arcsine transformation. General linear models analysis was conducted to test for significance followed by Tukey multiple comparison test to identify significance between groups. A P value of Ͻ0.05 was considered significant. Data are presented as mean percentage of beads Ϯ SD inducing apical focal adhesions.
RESULTS
Localization of Muc-1 in Ovine Endometrium
Immunoreactive Muc-1 was restricted to the apical surface of uterine LE and GE (Fig. 1) . Expression of Muc-1 on uterine GE remained elevated and constant throughout the estrous cycle and early pregnancy. In contrast, intense apical staining of Muc-1 on uterine LE was observed from Days 1 to 7 followed by a continuous reduction of immunostaining through Day 13 of the estrous cycle. Staining remained low for the remainder of the cycle and early pregnancy and was barely detectable on LE by Day 17 of pregnancy, when intimate adhesion between Tr and LE begins in the ewe [4] . No immunoreactive Muc-1 was detected on Day 15 conceptus flushed from the uterus or on Day 15-17 conceptus tissues examined in situ (data not shown). 
Uterine/Conceptus Expression of Integrin Subunits
Primers were designed to amplify mRNAs for the integrin subunits ␣ v , ␣ 4 , ␣ 5 , ␤ 1 , ␤ 3 , and ␤ 5 from Day 15 cyclic and Day 15 pregnant total ovine endometrial RNA (Table  1) . Reverse transcription-PCR confirmed the presence of mRNAs for ␣ v , ␣ 4 , ␣ 5 , ␤ 1 , ␤ 3 , and ␤ 5 integrins in endometrium from both cyclic and pregnant ewes (Fig. 2A) . The identity of each specific PCR product was confirmed by sequence analyses (data not shown).
Immunoreactive ␣ v , ␣ 4 , ␣ 5 , ␤ 1 , ␤ 3 , and ␤ 5 integrin subunits were detected at the apical surface of uterine LE and GE, and on conceptus Tr (Fig. 3) . The ␣ 5 integrin subunit was also detected in uterine stroma. Each of these integrins was expressed by endometrium of both cyclic and pregnant ewes, and the apical expression patterns of each integrin subunit did not change during pregnancy. The apical expression of these subunits could potentially contribute to the apical assembly of several OPN receptors including the ␣ v ␤ 3 , ␣ v ␤ 1 , ␣ v ␤ 5 , and ␣ 5 ␤ 1 heterodimers on endometrial LE and GE, and conceptus Tr in sheep. Attempts to identify other known OPN receptors including ␣ 9 ␤ 1 and CD44 using commercially available antibodies were unsuccessful.
Characterization of LE and Tr Cell Lines
Immortalized uterine LE [42] and primary Tr cells were developed to investigate integrin-mediated signaling at the apical surfaces of these cells. The Tr cells exhibited an epithelial morphology and were evaluated for the expression of IFN mRNA, the most definitive marker of this cell type. A specific IFN PCR product was detected in total RNA from Tr cells but was not present in total RNA from immortalized LE cells (Fig. 2B) . Sequence analyses identified the PCR product as ovine IFN (data not shown).
Using RT-PCR (primers described in Table 1 ), mRNAs for the integrin subunits ␣ v , ␣ 5 , ␤ 1 , and ␤ 3 were detected in total RNA samples from immortalized ovine LE and primary conceptus Tr cells (Fig. 2A) . Although ␣ 4 and ␤ 5 integrin mRNAs were present in Tr cells, they were not detected in the immortalized LE cell line.
The ␣ v and ␤ 3 integrin subunits were abundantly expressed at the basal surface of immortalized ovine LE and primary Tr cells (Fig. 4) . The similar punctate subunit staining patterns at sites of cell anchorage to the substrate suggest both the presence of ␣ v ␤ 3 heterodimers aggregated at focal adhesion sites as well as the abundance of this OPN receptor in both cell types. Although immunoreactive ␤ 1 , ␤ 5 , and ␣ 5 integrin subunits were also detected in LE and Tr cell lines, the aggregation of these proteins at focal adhesions was not as well defined as those shown for ␣ v and ␤ 3 integrins. Figure 5 illustrates the cytoskeletal reorganization (outside-in signaling) observed at the cytoplasmic side of the interface between OPN-coated beads and the apical cell surface of immortalized ovine LE using immunocytochemical localization of the cytoskeletal protein talin to detect the response. Talin was selected as the response variable for this assay because of its central role in binding cytoplasmic domains of ␤ 1 and ␤ 3 integrins, cytoskeletal proteins, and focal adhesion kinase [49] . Within 1 h of adding OPN-coated beads to cultured ovine LE, approximately 20% of the beads in contact with cells exhibited intense immunostained talin aggregates. Similar aggregates were detected at the surface of conceptus Tr although about 50% of the cells associated with beads were talin positive. Similar staining patterns were detected in cells stained with antibody directed against ␣-actinin, but the results were not quantified. Table 2 summarizes the talin results from multiple in vitro microbead-cell adhesion assays.
Functional Activation of LE and Tr Integrins by OPN
DISCUSSION
It is generally accepted that the process of implantation that begins with intimate association of the conceptus and uterine endometrium and ends with the formation of a placenta involves an adhesion cascade. Adhesive LE ligands, normally masked by mucins, become exposed during the receptive period, and various adhesion molecules then function sequentially, or in parallel, to stabilize adhesion of Tr to LE [50] . Temporal and/or spatial changes in expression of mucins, ECMs, and their integrin receptors influence the establishment of endometrial receptivity in rodents, pri- FIG. 3 . Integrin subunit expression in ovine endometrium and conceptus tissue. Integrin subunits ␣ v , ␣ 4 , ␣ 5 , ␤ 1 , ␤ 3 , and ␤ 5 in ovine endometrial LE (left column), GE (middle column), and conceptuses (C, right column) from Day 16 of pregnancy were detected using immunofluorescence staining of frozen sections. The uterine cross-sections shown represent both the estrous cycle and pregnancy because the staining pattern did not differ due to day or pregnancy status. Compare the absence of antibody staining in endometrium when rabbit IgG (IgG) was used to detect immunoreactive proteins. ϫ100 (columns 1 and 2) and ϫ260 (column 3).
mates, cattle, goats, and pigs [10, 11, 13, 20, 26, 37, 40, 51, 52] . The present and previous studies identified key structural and functional elements of the implantation adhesion cascade in sheep that include 1) elevated expression of antiadhesive Muc-1 at the apical aspect of uterine LE that declines prior to the attachment phase of implantation; 2) the integrin subunits ␣ v , ␣ 4 , ␣ 5 , ␤ 1 , ␤ 3 , and ␤ 5 that could form known OPN receptors including ␣ v ␤ 3 , ␣ v ␤ 1 , ␣ v ␤ 5 , and ␣ 4 ␤ 1 , and are constitutively and highly expressed on the apical surface of uterine LE and on conceptus Tr; 3) OPN is secreted from the endometrial GE into the uterine lumen immediately before and during conceptus attachment [26, 41] ; 4) OPN protein is present at the apical surfaces of both uterine LE and conceptus Tr [26] ; and 5) OPN binds integrins expressed on LE and Tr cells in vitro to initiate integrin activation and outside-in signaling.
The lumen of the uterus is covered by mucins that are heavily glycosylated and project above the apical surface of LE cells. Human blastocysts also express Muc-1 [53] . Membrane mucins such as Muc-1 and Muc-4 serve to lubricate and protect the uterus against microbial infection; however, these proteins also sterically inhibit cell-cell and cell-ECM adhesion [7, 8] , and presumably impair Tr access to the uterine LE [9] . Overall Muc-1 expression increases during the receptive phase in rabbits and humans but is locally reduced at sites of conceptus attachment [12, 13] . It is hypothesized that Muc-1 in human endometrium undergoes a reduction of repulsive charge density through the loss of keratin sulfate to allow conceptus apposition. Recent in vitro evidence suggests that paracrine signals from the blastocyst lead to down-regulation of Muc-1 from both LE and trophectoderm at sites of implantation [13, 53] . In con- 
* Polystyrene beads (6 m) were coated with either recombinant rat OPN (OPN-RGD), rat OPN in which the RGD sequence was replaced with RGE (OPN-RGE), RAD (OPN-RAD) or poly-L-lysine as a negative control. The number of separate experiments (n) conducted on different days is indicated. Values followed by different letters are significantly different (P Ͻ 0.05).
FIG. 5. Integrin receptor binding to OPN
RGD sequences leads to cytoplasmic reorganization and induction of focal adhesions. Because cytoplasmic aggregation of cytoskeletal proteins requires ligand occupancy and integrin aggregation, immunodetection of talin shown here at focal adhesions provides a sensitive functional index of integrin activation and outside-in signaling. A series of five optical slices recorded at 4 m apart (moving in the basal-to-apical direction) in an LE cell exposed for 1 h to OPN-coated beads is represented. Focal adhesions that function to anchor cells to the substrate (arrowheads) provide a reference point for the basal aspect of cells. Brackets indicate the talin aggregation reaction induced by three different beads attached to the apical surface. No focal adhesions were induced by polylysine-coated beads or beads coated with mutant recombinant rat OPN in which the RGD sequence was replaced with RAD or RGE. This is illustrated in the lower right two panels that represent a nonreactive bead (arrow) at different focal planes. ϫ400.
trast, Muc-1 expression at the apical LE surface decreases prior to implantation in rodents and pigs [10, 11, 52] .
The present studies clearly show that in sheep, similar to rodents and pigs, the ovine adhesion cascade initiates through down-regulation of Muc-1. Although speculative, it is reasonable to infer that loss of Muc-1 on ovine LE is influenced by progesterone. Both implantation and Muc-1 down-regulation are blocked by administration of RU-486 in rodents [10, 52] , and injection of ovariectomized gilts with progesterone decreases Muc-1 expression [11] . Further, Muc-1 decreases dramatically between Days 7 and 17 of pregnancy in sheep (see Fig. 1 ). This pattern of Muc-1 expression is temporally similar to that of progesterone receptor gene expression in pregnant ovine endometrium. Progesterone receptors are expressed in LE on Days 9 and 11 of pregnancy but are progressively lost between Days 13 and 19 [54] . It is noteworthy that expression of Muc-1 on LE declines to barely detectable levels by Day 17 of pregnancy because adhesion of conceptus Tr to a still-intact uterine LE occurs between Days 16 and 18 in sheep [4] . Loss of Muc-1 prior to ovine implantation may remove a barrier on LE that sterically hinders the ability of ECMs to interact with apically expressed integrins.
Cell surface integrin receptors connect the ECM to the intracellular cytoskeleton and transmit biochemical signals across the plasma membrane. Integrins are the primary mediators of matrix effects including cell-cell and cell-ECM adhesion, influence on cell shape, and regulation of gene expression [19, 55] . Hormone-dependent temporal and spatial distribution of integrins in the human uterus and developmental regulation on the invading mouse blastocyst provide strong circumstantial evidence for integrin involvement in the events of implantation [22, 56] . In sheep, ␣ v , ␣ 4 , ␣ 5 , ␤ 1 , ␤ 3 , and ␤ 5 integrin subunits are expressed by endometrium of both cyclic and pregnant ewes and by conceptus Tr. All subunits were identified by RT-PCR in Day 15 cyclic and pregnant endometrium and in a conceptus Tr cell line (see Fig. 2 ). Expression of ␣ v , ␣ 5 , ␤ 1 , and ␤ 3 integrin subunits in LE was confirmed by detection of mRNAs in an immortal LE cell line (Fig. 2) . Immunostaining showed that ␣ v , ␣ 4 , ␣ 5 , ␤ 1 , ␤ 3 , and ␤ 5 are apically expressed on LE and GE and on conceptus Tr in vivo (Fig.  3) . Apical expression of these integrins was constitutive and, in general, did not increase during the peri-implanta-tion period. Although ␣ 4 and ␤ 5 subunit proteins were present on endometrial epithelia, mRNA was minimal in endometrium and Tr cells and was not detected in LE cells. The primers used to amplify ovine ␣ 4 and ␤ 5 were designed using the cDNA sequence for human ␣ 4 and ␤ 5 . Perhaps detection of these integrin subunits was limited due to an RT-PCR reaction that was less efficient than those for the other integrins.
The ewe does not appear to limit receptivity to implantation by modifying temporal and spatial patterns of integrin expression as integrins are expressed apically and constitutively. The constitutive apical expression of integrins on uterine epithelia in sheep contrasts with studies from other species which suggest that alterations in integrin expression may frame the putative window of implantation. In women, ␣ v ␤ 3 and ␣ 4 ␤ 1 increase on LE prior to embryo attachment [20, 21] . While ␣ v ␤ 3 and ␣ v ␤ 5 are found on the apical surface of LE [21, 57] , ␣ 6 ␤ 4 , ␣ 2 ␤ 1 , and ␣ 3 ␤ 1 are distributed primarily along the lateral and basal cell surfaces [58] . In pigs, subunits ␣ v , ␣ 3 , ␣ 4 , ␣ 5 , ␤ 1 , and ␤ 3 are present on the apical LE surface, with ␣ v and ␤ 3 integrins showing intense and constitutive expression. However ␣ 4 , ␣ 5 , and ␤ 1 are spatially and temporally regulated throughout the estrous cycle and early pregnancy, reaching maximal levels during early implantation [11] . Baboons express ␣ v ␤ 3 integrin in both GE and decidualizing stromal cells of pregnant endometrium [37] , whereas in mice, endometrial ␣ v ␤ 3 integrin is limited to stromal cells during implantation [25] . Integrin expression in the LE of sheep also appears to contrast with other ruminants. In cows, ␣ v ␤ 3 , ␣ 3 , ␣ 6 , and ␤ 1 are localized to the basolateral surfaces of LE, shallow GE, and within the sublumenal stroma. The pattern of expression for ␣ v ␤ 3 changes over the estrous cycle [28] . Similarly, ␤ 1 integrin has been detected along the basolateral membranes of LE and GE in goats but is decreased in LE at sites of conceptus adhesion [27] . These variations of integrin expression among species may reflect differences in types of apposition, attachment, and invasion during implantation. However, the presence of integrin receptors on endometrial and conceptus surfaces suggests their involvement as mediators of conceptus attachment to uterine LE common to all mammalian species.
Integrin-mediated attachment may involve bifunctional bridging ligands that interact with receptors expressed on these apposing surfaces to adhere fetal and maternal membranes. OPN is a likely candidate integrin bridging ligand in sheep because the 45-kDa fragment is abundant within the uterine lumen during the peri-implantation period. Moreover, OPN protein is present at apical surfaces of LE and Tr cells that do not express OPN mRNA, providing circumstantial evidence that OPN accumulates at these surfaces through interaction with integrin receptors [26, 40] . Ovine uterine OPN is an acidic 70-kDa matrix glycoprotein that contains an RGD integrin receptor binding sequence [59] . Upon freezing and thawing or treatment with proteases, the 70-kDa protein gives rise to 24-and 45-kDa fragments [60] . The 45-kDa fragment has greater binding affinity for integrins than the native 70-kDa form, possibly because protease cleavage makes the adjacent RGD sequence more accessible for interaction with specific integrins [61] .
Binding of integrins to ECM proteins promotes the aggregation of integrins and triggers a hierarchical response leading to transmembrane accumulation of cytoskeletal proteins and over 20 signal transduction molecules to the ␤-integrin subunit cytoplasmic domain [43] . The result is assembly of well-developed aggregates composed of ECM proteins, integrins, and cytoskeletal proteins that are known as focal adhesions [19, 43, 62] . Attachment of the c-Src substrates, tensin, and focal adhesion kinase can result from integrin aggregation alone, but aggregation of cytoskeletal proteins including talin, ␣-actinin, vinculin, and F-actin requires ligand occupancy and integrin aggregation [43] . Therefore, immunodetection of aggregated integrins, talin, or ␣-actinin at focal adhesions can provide a sensitive functional index of integrin activation and outside-in signaling. The in vitro studies reported here exploit the ability to induce focal adhesions by integrin-ECM interactions to show, for the first time, functional integrin activation and cytoskeletal reorganization in uterine LE and conceptus Tr cells in response to OPN binding. Accumulation of talin and ␣-actinin was detected at the interface between OPN-coated polystyrene beads and the apical membranes of LE and Tr cells. The focal adhesions are the result of RGD-integrin interactions because mutation of the OPN RGD sequence eliminated cytoskeletal aggregation (Table 2) , although the identity of activated integrins remains unknown. Interestingly, ␣ v and ␤ 3 integrin subunits that form the ␣ v ␤ 3 receptor, which is capable of binding multiple matrix proteins including OPN, vitronectin, and fibronectin [18] , aggregate at sites of cell anchorage to the substrate in both LE and Tr cells, suggesting the presence of this versatile receptor at focal adhesion sites (see Fig. 4 ). OPN-coated beads also induce integrin activation in Tr cells. The number of beads associated with Tr cells was at least double the number formed at the apical surface of immortalized LE, and this was consistent with the greater abundance of ␣ v and ␤ 3 containing aggregates at the basal surface of cultured Tr cells. This is not unexpected in light of the highly adhesive nature of the conceptus. Therefore, it is reasonable to predict that in the pregnant ovine uterus, OPN binding to integrin heterodimers induces similar focal adhesion sites that promote and stabilize attachment of Tr to LE for implantation.
The present study suggests that a decline in Muc-1 on uterine LE exposes apically oriented ␣ v , ␣ 4 , ␣ 5 , ␤ 1 , ␤ 3 , and ␤ 5 integrins to interaction with OPN during the peri-implantation period. The coincident presence of these integrins that could form known OPN receptors including ␣ v ␤ 3 , ␣ v ␤ 1 , ␣ v ␤ 5 , and ␣ 4 ␤ 1 , on uterine LE and conceptus Tr, along with evidence that OPN can functionally interact with integrins expressed on LE and Tr cells, provide a physiological framework for OPN to act as a mediator of implantation in sheep that bridges integrin receptors expressed by Tr and LE to induce adhesion essential for initial conceptus attachment.
